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. To assess brood size, animals were maintained and allowed to develop at 15°C. L4 animals were either kept at 15°C, or shifted to 25°C. Each worm was transferred daily onto a fresh NGM OP50 plate and the number of progeny was scored. P values were determined with one-way ANOVA post hoc Tukey. n.s. = not significant. For motility assessment, animals were maintained and allowed to develop at 15°C, then one-day adults were either kept at 15°C, or shifted to 25°C. Two days later motility behavior was scored by observing each worm for spontaneous movements over 30 seconds. Analyses that were performed in parallel are grouped together. e1370 and m596 are Class 2 daf-2 alleles, and e1368 is a Class 1 mutant 1 . (N) = number of animals observed; Lifespans were measured starting from the L4 stage. Animals that left the plates, buried into the agar, bagged, or exploded were censored. *A merger of these three trials is plotted in Fig. 1c . *** animals were maintained at 20°C for several generations, then at the first day of adulthood were either kept at 20°C or downshifted to 15°C. # indicates percent daf-2(e1370) lifespan change to skn-1(zu129). $ indicates percent daf-2(e1370) lifespan change to skn-1(zu135). L4440 empty vector was used as the control in RNAi experiments. 5-Fluoro-2'deoxyuridine (FUdR) was used for all lifespan assays unless otherwise indicated. $ P-value (log-rank) vs. daf-2(e1368) L4440(RNAi). (N) = number of animals observed; Lifespan was measured from the first day of adulthood. Animals that left the plates, buried into the agar, bagged, or exploded were censored. $ in this trial elpc-4 RNAi was used as the control. L4440 empty vector was otherwise used as the control. In some cases, knockdown was performed in the RNAi-sensitive strain rrf-3(pk1426) 2 . Ext. .0011 All assays were performed at 20°C. (As) = Arsenite; (N) = number of animals observed. Animals that exploded were censored. P values for survival curves were determined by Log-Rank (for survival plots) or one-way ANOVA post hoc Tukey (survival after 21 hours). In parallel control experiments performed without addition of arsenite, the frequency of death was negligible for all genotypes. SKN-1 was also required for the increased resistance of daf-2 mutants to oxidative stress from tert-butyl hydrogen peroxide 10 . The total number of genes in a given GO term was obtained from wormbase.org WS231. col-60, col-65, col-88, col-91, col-97, col-113, col-120, col-125, col-130, col-144, col-145, col-146, col-150, col-166, col-174, col-180 Gene Ontology (GO) enrichment clusters were determined by DAVID using high classification stringency, and P-values were determined by DAVID using Fisher Exact test [33] [34] [35] . The young adult stage is defined to be 0-13 hours after the last larval molt (L4) into adulthood before eggs appear in the uterus (www.wormbase.org). * Temperature not specified. **daf-2(e1370) vs daf-2(e1370);daf- 16(mu86) . A decline in collagen gene expression with age was also observed in 3, 36 . Fig. 4e  dpy-1(e1) (collagen) 25.3 ± 0.2 28 74/89 -3 0.1032 Ext. Fig. 4e  daf-2(e1370) 37.5 ± 0.6 42 77/85 +43 <0.0001 Ext. Fig. 4e  dpy-1(e1) daf-2(e1370) 25 . P-value and % mean lifespan change are relative to wild type (N2) Trials that were performed in parallel are grouped. (N) = number of animals observed; Lifespan was measured from the L4 stage. Animals that left the plates, buried into the agar, bagged, or exploded were censored. L4440 empty vector was otherwise used as the control. In some cases, knockdown was performed in the RNAi-sensitive strain rrf-3(pk1426) 2 . col-10, col-12, and col-97 share >99% protein sequence identity with col-144, col-13, and col-109, respectively. *dpy-1(e1) affects body length and alae formation 46, 47 . For collagen overexpression trials, the extent of overexpression was determined by qRT-PCR. All transgenic lines had significant higher mRNA levels compared to wild type (N2) determined by one sample t-test, two-tailed, hypothetical mean of 1 was used for comparison: ldEx103 col-10 = 6.9+0.6-fold, ldEx104 col-10 =10.9+0.3-fold, ldEx106 col-13 = 12.7+0.8-fold, ldEx108 col-13 = 4.7+0.6-fold, ldEx109 col-120 = 3.3+0.6-fold, ldEx110 col-120 = 5.1+0.5-fold relative mRNA levels to wild type (mean +S.E.M.). col-171 *Paralogues are defined here to share >95% identical amino acid sequence. Homology region is defined as >80% nucleotide(nt) sequence identity with a minimum of 25nt stretch of uninterrupted identical sequence. 
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Dauer diapause of C. elegans C. elegans develops into a reproductive hermaphrodite adult by passing through four larval stages (L1-L4) 52 . Unfavorable environmental and nutritional conditions (high temperature, crowding, low food availability) induce development into the dauer diapause, a non-reproducing alternative L3 larval stage that is characterized by prolonged periods of immobility, darkening of the body, a decreased body size, a distinct cuticle structure, and shrinkage of the gonad and other structures 1, 52, 53 . Dauers are resistant to harsh environmental insults and starvation, and can survive for many weeks 53, 54 . When environmental conditions become favorable again, dauers reenter the reproductive life cycle by entering the L4 stage 52 . Dauer larvae are thought not to age, because worms that have entered and exited dauer exhibit a normal adult lifespan, even if they previously had remained as dauers for more than 60 days 54 . Development into dauer is dependent upon the activity of DAF-16, which is inhibited directly by IIS through phosphorylation (Extended Data Fig. 1b ) 55, 56 .
Dauer-related daf-2 Class 2 traits
daf-2 mutations can be categorized as Class 1 or 2 1 . Both mutant classes are predisposed to enter dauer at elevated temperature (e.g. 25°C, Extended Data Fig. 1c, 1i, 1j ), but Class 1 mutants appear normal as adults 1 . By contrast, Class 2 mutants are defined by the prevalence of particular traits (decreased movement, pharyngeal pumping, and body size, darkening of the body, gonad shrinkage, reproductive delay, and reduced progeny numbers) in adults at higher temperatures (22.5°C or 25°C) 1 . These Class 2 traits are considered to be dauer-related because of their similarity to the dauer state, and their dependence upon daf-16 1 ). For simplicity, in the main text we refer to these Class 2 traits as "dauer-related traits" or "dauer traits".
Temperature regulation of dauer entry and adulthood dauer-related traits
Many daf-2 alleles are frequently referred to as temperature-sensitive (ts) because they induce dauer entry and dauer-like (Class 2) traits in a temperature-dependent manner (see above), and because many of these mutations were identified in screens for temperaturedependent dauer formation 1, 52, 53 . It is therefore both striking and paradoxical that in the same daf-2 mutants, other major phenotypes are not dependent upon elevated temperature. Class 2 daf-2 mutations typically extend adult lifespan comparably at either 15°C, 20°C, or 22.5°C (Fig. 1a, Extended Data Table 1, Supplementary Table 2) 1,57-67 , temperatures at which dauer-like Class 2 traits are either absent (15°C), very mild (20°C), or severe (22.5°C) 1 . Moreover, we have shown that in daf-2 mutants the levels of nuclear DAF-16 and SKN-1, a direct readout of IIS inhibition, are similar at 15°C and 20°C (Extended Data Fig. 1k-o) . If these daf-2 mutations are "ts" in the typical sense of temperature-dependent protein folding, how can the dauer-related phenotypes be strictly dependent upon temperature while other rIIS effects are temperature-independent?
The simplest answer to this question lies in the profound effect of temperature on dauer regulation. Work performed 30 years ago indicated that many if not most mutants with temperature-sensitive effects on dauer are unlikely to be ts with respect to protein folding and gene function, and instead that temperature is a major evolutionarily conserved regulator of dauer entry that operates independently of other variables, so that dauer is essentially a ts phenotype 68, 69 . This model explains why (1) dauer pheromone-treated wild-type animals and many null mutants readily develop into dauers at higher temperatures, and (2) wild-type animals that are provided with food and have not been exposed to pheromone nevertheless enter dauer at a detectable frequency at 27°C 69, 70 . In each case, these animals are "ts" with respect to the dauer phenotype. This model, together with our evidence that IIS regulates an underlying longevity pathway that is dauer-independent, also explains why a Class 2 allele like daf-2(e1370) can be temperature-dependent with respect to the phenotypes of dauer entry, dauer traits and skn-1-independent lifespan extension, but not with respect to longevity per se, or nuclear accumulation of DAF-16 and SKN-1 (see text).
In general, genetic, expression, proteomic, and metabolomic studies of rIIS have involved conditions under which dauer-related traits appear in aging adults, such as analysis of Class 2 daf-2 mutants at 20°C or higher 3, 25, 27, [71] [72] [73] [74] [75] [76] [77] [78] . Given that daf-2 lifespan extension is skn-1-independent in such scenarios (see text), it will be important to determine the extent to which
